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Abstract—The hydrolysis and photolysis of paroxetine HCI, a selective serotonin reuptake inhibitor, in aqueous buffer solutions
(pH 5, 7, and 9), in synthetic humic water, and in lake water were investigated at 25°C in the dark and in a growth chamber outfitted
with fluorescent lamps simulating the ultraviolet (UV) output of sunlight. Paroxetine was degraded completely within 4 d by
simulated sunlight in all aqueous media. Photolysis of paroxetine HC] was accelerated by increasing pH. The ¢, values at pH 5,
7, and 9 were 15.79, 13.11, and 11.35 h, respectively. The half-lives of paroxetine in synthetic humic water and two lake waters
were slightly longer than in pH 7 buffer. Two photoproducts were detected and their structures were identified by liquid chroma-
tography-mass spectrometry in positive mode. Photoproduct I was found to be photolytically unstable, being gradually degraded
after 12 10 18 h of irradiation. However, photoproduct Il was photolytically very stable throughout the experiment period, indicating
that it was persistent to further photodegradation. In the dark, paroxetine in all aqueous solutions was found to be stable over a
30-d period. In conclusion, paroxetine is a relatively photolabile drug that has a possibility of photodegradation by sunlight in

surface water.
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INTRODUCTION

Selective serotonin reuptake inhibitors are among the most
heavily prescribed drugs in the United States and have been
shown 1o induce spawning in mussels at trace agqueous con-
centrations {1}, Due to their heavy usage, detectable concen-
trations of these drugs and their metabolites/degradation prod-
ucts may be expected in wastewater treatment effluent released
into water bodies and drinking water sources and the persis-
tence of them or their degradation products may cause adverse
impacts on aquatic organisms,

Paroxetine hydrochloride (CAS: 61869-08-7) is one of sev-
eral selective serotonin reuptake inhibitors currently used in
the treatment of clinical depression, obsessive-compulsive dis-
order, and panic disorder. In a survey performed by NDCHealth
(Atlanta, GA, USA) in 2002, paroxetine was one of the top
200 prescriptions for 2002 by number of U. 5. prescriptions
dispensed (http://www.rxlist.com/top200.htm). Mainly par-
oxetine is oxidized to an unstable catecol followed by further
methylation and the major metabolite is conjugated rapidly to
glucuronide and sulfate ethers in animals and humans [2,3].
This major metabolite has not been found to inhibit serotonin
reuptake significantly. Paroxetine and its metabolites in human
plasma’’4-7], in human serum [8,9], and in tablets [10,11]
have been quantified by high-performance liquid chromatog-
raphy (HPLC) or by gas chromatography. Recently, it was
reported that a paroxetine metabolite was detected in surface
water in 139 streams across 30 states in the United States
during 1999 and 2000 [12]. In forced degradation studies,
paroxetine was relatively stable under acid, base, and heat [9].
However, exposure to hydrogen peroxide and light under wet
conditions caused paroxetine to degrade to various products

[9].
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Photoproducts

Chemicals that cannot absorb light above 290 nm are re-
sistant to direct photodegradation; however, there are many
oxidants and reductants capable of accelerating photodegra-
dation in the environment. Examples of such oxidants are hy-
droxyl radical, singlet oxygen, carbonate radical, humic acid,
and fulvic acid [13-24].

The purpose of this investigation was to measure the po-
tential for paroxetine to be degraded by photolysis and hy-
drolysis, to identify degradation products, and to estimate the
importance of hydrolysis and photolysis to the fate of par-
oxetine in aquatic environments including buffer solutions,
synthetic humic water, and lake waters.

MATERIALS AND METHODS
Chemicals

Paroxetine-HCl was extracted with methanol and purified
by recrystalization with n-hexane from Paxil® (Glaxo-
SmithKline, Rescarch Triangle Park, NC, USA). Its purity and
identity were confirmed by HPLC and liquid chromatography-
mass spectrometry. The mass spectrum showed an exact
[M+H]* of m/z (mass/charge) 310. Standard buffer solutions
used to calibrate the pH meter electrode and all salts used to
prepare buffer solutions were reagent grade or better and ob-
tained from Fisher Scientific (Pittsburgh, PA, USA). All sol-
vents were HPLC grade and were obtained from Fisher Sci-
entific. Humic acid (sodium salt) was obtained from Aldrich
(Milwaukee, WI, USA). Deionized water was used to prepare
the buffer solutions.

Preparation of paroxetine HCI standard solution, buffer
solutions, and synthetic humic water

Paroxetine HC1 standard stock solution was made up in
methanol at a concentration of 1,000 mg/L. Three aqueous
buffer solutions were prepared. Buffer at pH 5 (sodium acetate
buffer) consisted of 300 ml of 0.01 M sodium acetate and 200

Hyd

mi ¢
buff
of
cons
NaC
Env
Ins
0.19
The
thro
with
crofi
gani
acec
Jutec
7.0

Alsc
Uni
(Acl
then
valu

2.00

Pho

F
each
and
toly
100
lake
Sam
vials
ber
/BL
at 2f
The.
spec
light
wo
EPP
(Ver
ples
tion
temj
rems:
and
and
treat
topr
grad
dark
stant
of th
cent
and
wds

whet
stant
Bec:
as St



g
PAc
vy 4
500

-
hd
y-
et
s
to
‘.
Bl
;:i'.
=h
re

,:JS

te
20

Hydrolysis and photolysis of paroxetine

ml of 0.01 M CH,COQH. Buffer at pH 7 (sodium phosphate
buffer) consisted of 250 ml of 0.01 M Na,HPO, and 340 ml
of 0.01 M NaH,PO,. Buffer at pH 9 (sodium borate buffer)
consisted of 900 ml of 0.01 M H,BO, and 400 ml of 0.0] M
NaOH. Synthetic humic water was made according to U.S.
Environmental Protection Agency (U.8. EPA) Guidelines [25].
In short, 20 g of the humic acid was extracted with 1 L of
0.1% NaOH solution by stirring for 1 h at room temperature.
The resulting mixtures were centrifuged and then filtered
through a 0.45 pm microfilter. The pH was adjusted to 7.0
with dilute H,SO, and filter-sterilized through a 0.2-pm mi-
crofilter. Two microfilters were used to remove any microor-
ganisms, because this was an abitic experiment, Preaging was
accomplished by exposing to sunlight. Before use it was di-
luted 10-fold with 0.01 M phosphate buffer to produce a pH
7.0 mixture with an absorbance of 5.00 X 10-? au at 370 nm.
Also two lake waters were collected from Mississippi State
University (Mississippi State, MS, USA) and Chocktaw Lake
(Ackerman, MS, USA) and filtered using 0.2-pm filter and
then stored in a refrigerator at 4°C. The pH and absorbance
values at 370 nm were 7.60 and 7.25 and 3.50 X 10-2 au and
2.00 X 10-? au, respectively.

Photolysis and hydrolysis experiments

Photolysis and hydrolysis experiments were conducted in
each pH 5, 7, and 9 buffer solution, synthetic humic water,
and two lake waters at a concentration of § mg/L. For pho-
tolysis, a 0.5 ml of aliquot of the stock solution was added to
100 m] of each buffer solution, synthetic humic water, and two
lake waters. Thus, the final test solutions were 0.5% methanol.
Samples were prepared in 2-ml, capped clear borosilicate glass
vials and irradiated in a temperature-controlled growth cham-
ber outfitted with fluorescent lamps (Light Sources FL40T12-
/BL, Milford, MA, USA) simulating the UV output of sunlight
at 25°C. These lamps did not emit wavelengths below 290 nm.
These lamps have been used in other experiment and their
spectral output is reported in this published work [22]. The
light intensity was measured before starting an experiment and
two times a week over the experimental period using an
EPP2000 Miniature Fiber Optic Spectrometer and SpectraWiz
(Ver 2.1) software (StellarNet, Tampa, FL, USA). Control sam-
ples (hydrolysis samples), having the same initial concentra-
tion as photolysis samples, were kept in the dark at the same
temperaturc, Samples were withdrawn to analyze the amounts
remaining in solutions at 0, 1, 3, 7, 12, 18, 24, 36, 48, 72,
and 168 h (for buffer solutions) and 0, 1, 2, 4, 8, 16, 24, 48,
and 72 h (for synthetic humic water and two lake waters) of
treatment. In order to identify whether the degradation of pho-
toproducts is by photolysis or by hydrolysis, 12-h photode-
graded samples were prepared and incubated for 10 d in the
dark. Experiments were carried out in duplicate. The rate con-
stants were calculated by linear regression analysis of a plot
of the natural logarithm (Ln C/Co) of residual paroxetine con-
centration versus time, where Co is the initial concentration
and C is the concentration at a certain time. The quantum yield
was calculated by the following equation:

© = Koo
E 1\&,
where @ is the quantum yield, & is the degradation rate con-
stant, /, is the irradiance, and &, is the molar absorptivity.
Because it was polychromatic radiation, ¥ I,s, was calculated
as sum of I,-e, at each wavelength from 290 to 400 nm.
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UV/vis spectrophotometer and HPLC analysis

The UV/vis absorption spectrum of paroxetine was record-
ed with a Model 8453 UV/Vis spectrophotometer (Hewlett-
Packard, Waldbronn, Germany). The test solutions were the
unirradiated mixtures at pH 5, 7, and 9, which were 1 X 10-?
M paroxeting, The amount of paroxetine remaining in solution
was measured by direct injection of the sample onto a Waters
2695 HPLC with 1JV detection using a Waters (Model 996,
Milford, MA, USA) photodiode-array detector at wavelength
of 235 nm. Data were processed using MassLynx (Ver 3.4)
software (Waters), The degradation products were separated
from the parent compound using a Waters Spherisorb® 5 pum
C8 (4.6 X 150 mm) analytical column. The mobile phase used
was composed of acetonitrile-distilled water containing 10 mM
aqueous triethylamine (60:40, v/v), with the pH adjusted to
4.8 by addition of 85% phosphoric acid. The flow rate was
1.0 ml/min. For each solution, the amount of paroxetine re-
maining was calculated as a percentage of concentration prior
to incubation (zero time), The amount of degradation products
generated was calculated as a percentage of peak area for the
parent compound as standards for degradation products were
not available.

LC-ESI-MS analyses

Liquid chromatography-electrospray ionization-mass spec-
trometry (LC-ESI-MS) in positive mode was performed on a
Micromass quattro micro mass spectrometer (Micromass UK,
Manchester, UK), operating at a capillary voltage of 3 kV,
cone voltage of 40 kV, source temperature of 80°C, cone tem-
perature of 240°C, cone gas flow 60 L/h, and desolvation gas
flow 609 L/h. The entire column eluents of samples exposed
to light for 24 h were directly introduced into the mass spec-
trometer through the ESI interface. The MS scan range was
m/z 90 to 400. Degradation products were separated on a Phen-
omenex Luna 5-pm phenyl-hexyl (250 X 2 mm; Torrance,
CA, USA) column. Elution was carried out with acetonitrile
(A) and 10 mM aqueous ammonium acetate (B). The solvent
gradient began at A:B (10:90, v/v) for 2 min and proceeded
to A:B (90:10, v/v) over 30 min. The flow rate was 0.2 ml/
min.

RESULTS AND DISCUSSION
UV spectrum of paroxetine

Paroxctine showed a maximum absorbance (A,,,) at 293
nm in all buffer solutions (Fig. 1). No significant differences
were observed in UV spectra measured at pH 5, 7, or 9. Spec-
tral data indicated that paroxetine absorbed light at wave-
lengths above 290 nm and should be susceptible to photodeg-
radation.

Degradation kinetics

In hydrolysis experiments, paroxetine was found to be sta-
ble in all pH buffer solutions for 30 d. Lambropoulos et al.
[10] also have reported that paroxetine was stable for 6 d at
room temperature when protected from light in mobile phase
(10 mM 1-decane sulfonic acid sodium salt and 10 mM sodium
phosphate monobasic in water [pH 3.0]-acetonitrile [60:40, v/
v]). However, exposed to simulated sunlight, paroxetine was
degraded completely within 4 d. Photolysis of paroxetine was
accelerated by increasing pH, but did not show a wide dif-
ference between buffers (Fig. 2). The ¢,, values and rate con-
stants at pH 5, 7, and 9 were 15.79 * 0.36, 13.11 * 0.39, and
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Fig. 1. Ultraviolet absorption spectrum of paroxetine in pH 7 buffered
solution.

11,35 = 0.12 h and 0.0439 = 0.0010, 0.0529 % 0.0016, and
0.0611 £ 0.0006 h~i, respectively (Table 1). The relation co-
efficients (%) (Table 1) and the linearity of the L.n-concentra-
tion versus reaction time curves (Fig. 2) indicated that the
degradation process followed first-order kinetics. The rate con-
stants were calculated by linear regression analysis of a plot
of the natural logarithm of residual paroxetine concentration
versus time. These results indicated that paroxetine is more
degradable under alkaline conditions than in acidic conditions
by photolysis, likely via a photonucleophilic process. The
quanturn yields ranged from 2.71 X 10~* to 3.77 X 1074,
Lambropoulos et al. [10] have reported that light under wet
conditions affected the degradation of paroxetine, and hydro-
gen peroxide was shown also to contribute to the degradation
when exposed to light as well, In their experiments, photolysis
in the presence of hydrogen peroxide also produced more deg-
radation products (~18) than direct photolysis (~9).
Sensitized photodegradation of paroxetine was conducted
in synthetic humic water and in two 0.2 pm—filtered lake wa-
ters. As seen in Table 1, the half-life of paroxetine in synthetic
humic water (14.92 h) was a little longer than in buffered
solution with the same pH (13.11 h). Also the degradation in
two lake waters showed the same or slower rates than in pH
buffers. These results indicate that paroxetine was no: sensitive
to humic material or photodegradation in agueous solutions.
The slower rate of degradation was likely due to light atter-
uation by natural water materials. The two photoproducts de-
tected were consistent with those generated by the degradation

T
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Fig. 2. Photolysis of paroxetine in three buffer solutions at 25°C. H
=pHS5 @=pH7, & =pHOI.

of the compound when irradiated in buffer solutions. Like
hydrolysis in buffer solutions, no hydrolysis was observed in
synthetic humic water and lake waters in the dark. In general,
humic substances are known to be sensitizers in photoreactions
of organic chemicals via the generation of various active ox-
ygen species [13—19]. These photosensitized reactions can re-
sult in accelerated photodegradation of compounds that are
stable to sunlight in distilled water.

Although the rates obscrved in the laboratory imply rapid
degradation in the environment, it is likely that this chemical
would be degraded at much slower rates in true environmental
situations by photodegradation, where natural organic matter
in water attenuates ultraviolet light as a function of depth.
When the dissipation in a natural water body due to photo-
degradation was simulated using the photolysis module of Ex-
posure Analysis Modeling System at a 1-m depth using the
rate constant and quantum yield data, the half-life was in-
creased to approximately 28 y.from 13 to 16 h as found in
the Taboratory. Although these calculations are very rough and
the model outputs obviously would need to be confirmed with
actual field data, they do indicate that caution should be applied
when extrapolating rapid degradation rates generated under
idealized laboratory conditions to field situations.

Characteristics of degradation products

The LC-ESI-MS was used to identify the structures of two
photoproducts formed during photolysis of paroxetine. Pho-
toproduct | was detected at m/z 210 [M+H|* (Fig. 3A), leading

Table 1. Kinetic parameters of paroxetine photodegradation in various aqueous solutions at 25°C

Relation
Degradation rate Half-life coefficient Quantum yield
Media (h~!, avg. = §D%) (h, avg. = SD?) (r2) (D, X 10-%
pH 5 buffer 0.0439 = 0,0010 + 0.36 0.9935 271
pH 7 buffer 0.0529 * 0.0016 * 0.39 0.9981 3.26
pH 9 buffer 0.0611 = 0.0006 * 012 0.9984 3.77
SHwe 0.0466 = 0.0010 + 0.32 09986 —
Lake water I° 0.0437 = 0.0010 * (.36 0.9913 —
Lake water I11¢ 0.0411 = 0.0004 +0.17 0.9966 —

* Average * standard deviation.

" Synthetic humic water.

¢ From Mississippi State (MS, USA).
4 From Ackerman (MS, USA).
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Fig. 3. The mass spectra and the chemical structures of the photo-
products I (A) and IT (B).

to a molecular mass of 209. Photoproduct 1I was detected at
m/z 192 [M+H]* (Fig. 3B), leading to a molecular mass of
191. As shown in Figure 3A, there was a significant adduct
formation of m/z 251 |[M+H-+CH,CN]* from m/z 210
[M+H]*. This photoproduct appears to be formed by cleavage
of the ethereal bond (cleavage of (1) in Fig. 4) of parent com-
pound. The mass spectrum of photoproduct 11 also showed a
significant adduct formation of m/z 233 [M-+H+CH,CN]*
from m/z 192 [M+H]". Tt is likely that this photoproduct was
produced by loss of water from photoproduct I and with sub-
sequent cyclization (5-membered). A possible pathway for the
photodegradation of paroxetine is presented in Figure 4. Two
possibilities of formation to photoproduct 11 exist. One is trans-
formation to photoproduct I by cleavage of (1), followed by

F F
0.,
a CH, Cleavage of (2) -
ot N 4 cyclization e
@M (5-membered) CH,
N Cleavage o%\ F y N
H cyclization _H o
(Parent) (5 ) Phoop 18}
?H
_,lCHl
N
|
H
(Photoproduct I)

Fig. 4. A possible pathway for the photodegradation of paroxetine.
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loss of water and ring formation to photoproduct II. The other
is a direct transformation to photoproduct II by cleavage of
(2), followed by ring formation. Either pathway is conceivably
possible. Photoproduct I was observed as an unstable inter-
mediate, ultimately yielding phatoproduct 1I as a stable com-
pound, which means that photoproduct I was created as a
transient intermediate in this process. The proposed reaction
leading from I to 1I, especially cleavage of C-H bond, was
clarified by Wong and Chu [26]. In their paper, an aromatic
C-H bond is broken followed by hydroxylation under photo-
lytic conditions.

These two degradation products formed by photolysis were
not consistent with metabolites found in human serum and
plasma [2,3,27], however, this is not surprising because the
degradation of paroxetine proceeds in each of these systems
by very different mechanisms, In human serum and plasma,
metabolism of paroxctine shows oxidative cleavage of the
methylenedioxy hridge by cytochrome P450 (CYP) to give an
unstable catechol intermediate [27]. Tt is methylated in the
metaposition or paraposition by another enzyme other than
CYP [27]. This means that the chemical degradation by pho-
tolysis is quite different from the biological one in view of
the degradation patterns,

Photoproduct 1 was found to be unstable, with the highest
amounts forming at 12 to 18 h after treatment at all pH values
(Fig. 5). After this time, the amounts decreased gradually and
then remained at constant levels after 72 h, However, photo-
product II increased through the experimental period of 7 d,
indicating its stability to further photodegradation (Fig. 5). The
stability of the two was the same in all pH buffers (Fig. 5).
In a separate experiment, both photoproducts were found to
be stable in irradiated solutions that were removed from the
light chamber after 12 h and stored in the dark for 10 d (data
not shown). This data indicates that both photoproducts appear
to be hydrolytically stable and that the degradation of pho-
toproduct I was not by hydrolysis but by photolysis completely.
It 1s likely that the two photoproducts are more hydrophilic
than the parent compound based upon retention times on the
analytical column and mobile phase composition, The reten-
tion times of photoproducts were faster than that of parent
compound (data not shown). When the ratio of aqueous portion
of mobile phase was increased from 30 to 50%, the retention
times of the two photoproducts were decreased from 4.11 to
3.23 min and from 4.65 to 3.75 min, indicating they were more
soluble in water than in organic solvent (data not shown), while
the retention time of parent compound was increased from
8.99 to 13.41 min at the same conditions. Using a diode array
detector, the UV spectra of two photoproducts were compared
with that of parent compound (Fig. 6). As shown in Figure 6,
paroxetine and its photoproducts I and II exhibit quite different
spectra. These UV spectra were consistent with their measured
photostability., That is, photoproduct I exhibits an absorption
maximumn wavelength at 337 nm, which indicated that this
photoproduct is susceptible to photodegradation by sunlight.
In general, the maximum absorbances related to extended chro-
mophore or n-w* chromophore range about from 280 to 360
nm [28]. However, there is a paper that amlodipine has a
similar chemical structure to photoproduct I and a maximum
wavelength at around 360 nm [29]. Photoproduct 11, however,

does not absorb light at wavelengths above 280 nm. This
means that it can be stable to sunlight under direct photolysis.

e
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CONCLUSION

Paroxetine was shown to be stable under dark conditions
in solutions for at least 30 d, yet was found to be degraded
rapidly by simulated sunlight in the laboratory. The two pho-
todegradation products detected were observed in buffered dis-
tilled water as well as in natural water. Photoproduct 1 was
degraded by photolysis, while photoproduct II was stable and
accumulated after it was formed. As mentioned earlier, the
proposed structures are based upon direct interpretation of
mass spectral data and chromatographic behavior. Comparison
of the spectral and chromatographic data with that generated
from authentic synthesized standards would be necessary for
absolute confirmation of these structures,

J.-W. Kwon and K.L. Armbrust
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Fig. 6. Ultraviolet absorption spectra of paroxetine (A), photoproduct
I (B), and photoproduct 1T (C), recorded by photo diode array detector.
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